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This report is provided in accordance with the 
requirements of Contract NAS5-23524. The data and 
analyses were prepared by the Space Division of 
Rockwell International for the Goddard Space Flight 
Center of the National Aeronautics and Space Adminis- 
tration. The report is printed in three volumes: 

I. Task 4.3 - Trade Studies 


II. Task 4.4 - Concept Design 


III. Appendix - Cost Analyses 

The following individuals contributed to this 
report: R. Yee, F. Etheridge, B. Mahr, B. Brandt, 
M. Sanders field, an'd J. Mansfield. 
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1.0 INTRODUCTION 


The Multimission Modular Spacecraft (MMS) is being developed by the 
Goddard Space Flight Center to achieve cost savings in future unmanned earth 
orbiting space projects through the utilisation of a Shuttle-compatible 
standardized modular spacecraft. One of the early missions being considered 
which might utilize this approach is a follow-on to the current Landsat. If 
adopted, this mission would potentially be the first MMS application to require 
a propulsion subsystem. The Space Division of Rockwell International has 
performed a series of analysis and design tasks to define a modular propulsion 
subsystem concept which will be compatible with the MMS and will satisfy the 
Landsat follow-on mission propulsion requirements. 

The initial portion of this effort concentrated on evaluation of alterna- 
tive Landsat follow-on launch configurations to establish propulsion require- 
ments and performance of trade studies of the propulsion subsystem elements to 
select the most cost effective sizing approach to meet variations in require- 
ments. Volume I of this report summarizes the analyses which were utilized in 
preparation of conceptual designs of the propulsion module. These conceptual 
designs and associated analyses are summarized in this volume. 
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2.0 SUMMARY AND CONCLUSIONS 


As described in Volume I of this report, two basic types of Landsat 
follow-on missions have been analyzed to derive the propulsion requirements . 
These include utilization of a conventional launch vehicle such as the Delta 
3910 for launch and delivery to the operational orbit or, alternatively, use 
of the Space Shuttle to deliver and/or retrieve the spacecraft at some inter- 
mediate altitude, with dependence or the MMS propulsion to provide transfer to 
the operational orbit. The use of the Intermediate altitude in the Shuttle- 
supported mode is cost effective based on the current approach to computing 
the relative portion of Shuttle launch costs to be borne by an individual 
payload. 

These two missions have led to two distinctly different propulsion modules 
for the MMS. Conceptual designs for these have been prepared in sufficient 
depth to establish structural configuration, cost, and mass properties. 

Optional arrangements have been identified for increasing the propellant 
capacity of the Delta-launched version, including concepts which project into 
the central volume of the MMS. A concept for control and monitoring of the 
module has been derived and a preliminary examination of the plume envelope 
has been conducted. 

The most significant drivers on the configurations other than the pro- 
pellant requirements were found to be the length available Inside the adaptor 
to the Delta launch vehicle, the provisions for on-orbit exchange, the 
electrical integration requirements, and capabilities and shape factors of 
existing hardware. All established mission requirements can be met by the 
conceptual designs, but further design iterations appear desirable as the 
mission requirements and servicing system evolve. 
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3,0 DELTA MISSION CONFIGURATIONS 


3.1 REQUIREMENTS 

The mission analyses described in. Volume I of this report defined the 
propellant requirements for the Delta-launched Landsat follow-on mission in 
accordance with the parameters defined in the work statement. The total 
requirement of 61.1 pounds of hydrazine included allowances for correction of 
initial orbit injection errors, maintaining the ground track within 5-Km for 
three years, performing four stabilization maneuvers, and operating in a safe 
hold mode for 30 days awaiting emergency retrieval. This was the baseline 
requirement for the design effort on the propulsion module for this mission, 
designated Spacecraft Propulsion Subsystem I (SPS-I) . It was recognized, 
however, that subsequent analyses might show a need for additional orbital 
adjustments so a guideline was established to examine options for maximizing 
the propellant capacity within the volumetric constraints. 

The volumetric constraints arose from two primary sources, the module 
exchange process and the launch vehicle adapter. The module exchange mechanism 
has not been completely defined at this time, but it has been esta blished that 
the modules will be withdrawn radially to the spacecraft centerline. The 
module retention mechanism concept has been selected, and preliminary sizing of 
the module interfacing device which actuates the latches has been performed. 

These constraints, together with the overall geometry and capabilities of the 
MMS structure, led to a propulsion module configuration attached at three 
brackets to the aft structure of the spacecraft, and limited dimensionally to 
permit withdrawal. It should be noted that if no servicing on orbit is required, 
some of the dimensional constraints are removed. Options capitalizing on this 
feature are described later. 

The launch vehicle adapter encloses the propulsion module and therefore 
constrains the overall geometry. The parameters defined during the study for 
the dynamic envelope were an overall length of 18.5 inches, an upper diameter 
of 55.0 inches, and a lower diameter of 52.0 inches to allow for tip-off 
excursions. Subsequent design development by the launch vehicle contractor 
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established that this envelope could be penetrated selectively in certain 
radial directions. This may become desirable as the propulsion module and 
module exchange mechanism designs mature, particularly for the latch operators. 

3.2 SPS-I DESIGN CONFIGURATIONS 

These constraints, together with other guidelines such as use or the 
"standard" MMS electrical connector, were combined to produce the initial 
layout shown in Drawing 42623-1. This drawing depicts the arrangement as it 
would generally appear looking forward and from the side. It was developed 
primarily to illustrate the interfaces of the propulsion module with the bottom 
of the spacecraft, the module exchange process, and the launch vehicle adapter 
envelope. The orientation of the rocket engine modules (REM's) is dictated 
by the location and orientation of the Attitude Control Subsystem (ACS) 
module. Note that this orientation results in one of the 0.2-lb thrusters 
pointing generally in the direction of the umbilicals and berthing probe at 
upper right. A further detail of this geometry is shown on the right side of 
the drawing and is analyzed further in Section 6.0. 

Orientation of the supporting brackets, electrical connector, and tanks is 
driven by the Shuttle landing loads. The primary load direction is along the 
-Zj^ axis (toward the bottom of the drawing) , and it is desirable to carry the 

loads symmetrically. The attachment system shown utilizes two bolts on the 

j , , . , ^ c. These, together with shear lips 

module which engage nuts on the spacecraft. ’ ® 

on the interface plane allow reaction of both + and Z^^ loads at these points . 
At the apex point, the electrical. connector -is guided into engagement by two pins 
which engage sockets on the spacecraft . side and react +X^_. and . +Y,, loads. A 
basic two tank arrangement is -shown -with', alternates -of one or three tanks. 

The tanks shown are of 16.5-inch internal diameter, positive expulsion 
tanks. They are a version of the TIP-2 tank modified to incorporate an 
equatorial pressurization port. The necessity for this modification can be 
seen in the side view where the close tolerances top and bottom are shown. 

The principal structural p.anber shown is a four-inch bulkhead of honeycomb 
which supports the tanks, the support brackets, and the thrusters. Not shown 
are the electronics required for system control and monitoring. 
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The envelope constraints on the module interfacing device (MID) of the 
module exchange mechanism (MEM) also are shown on the drawing. The requirement 
to reach in under the Electrical Power Subsystem (EPS) module to engage the 
latches on the propulsion module is a unique driver on the MEM. As mentioned 
above, it may be desirable to extend the latch driver interface outboard to 
relieve this requirement on the MEM. 

The requirement for clearance between the MID and the EPS module requires 
that the latch centerlines be positioned well below the interface plane between 
the propulsion module and the MMS module support structure. This provides a 
ready path for the cabling from the umbilicals to be routed along the bottom 
edge of the support structure, around one or both sides of the latch bracket, 
and into the central cavity. The most difficult portion of the cabling appears 
to be the initial routing prior to approaching the propulsion module. There, 
careful attention .is required to provide withdrawal clearance for the adjacent 
modules, avoid interference with the Delta adaptor fitting, and stay clear of 
any provisions (bumpers) required on the comers of the adjacent modules for 
dynamic damping. 

After a review of the initial layout and system analysis with the GSFC, it 
was decided that the following guidelines would be adopted for the conceptual 
design of the SPS-I: 

1. Layout drawings will be based on the use of the LCSO 0.2-lb and 
Hamilton Standard 5.0-lb thrust engine configurations as examples 
of typical geometries. 

2. No latch valves or pressure transducers will be used at individual 
tank outlets. 

3. Layout drawings will show three modified TIP-2 tanks; the 
pressurization lines to each tank will be manifolded as will the 
fuel lines. 

The key features of the proposed baseline module are simplicity and low cost. 
Design simplicity is achieved by using minimal number of proven components with 
little or no redundancy. Low cost is Implicit in this approach. 

The schematic of the SPS-I following these guidelines is shown in 
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Figure l.and the design concept on Drawing 42623-3 and Figure 2. The propul- 
sion elements include the following: 

• Three Pressure Systems, Inc. (PSI), Modified TIP-2 tanks 

• Two LCSO fill and drain valves 

• Three temperature transducers 

• One LCSO pressure transducers 

• One Wintek System filter 

• Six LCSO latch valves 

• Twelve LCSO 0.2-pound thrusters 

• Four Hamilton standard 5.0-pound thrusters 

The tankage for the SPS-I is a slightly modified TIP-2 design. The 
modifications are external and in no way impact the internal arrangement or 
diaphragm. In the modified TIP-2 tank, the first change involves moving the 
gas port from the polar region to the equator. PSI suggested the change as a 
means of reducing tank length and indicated the equatorial gas port has been 
used on hydrospace diaphragm tankage. The second modification, -was required 
by the need to increase the burst to operating ratio to 4.0. This change 
would greatly facilitate the tankage fueling and pressurization operations at 
ETR, thereby reducing overall program costs. Implementing the 4:1 criteria 
would require an increase in tank wall thickness to provide a burst pressure of 
1600 psia. The MVM tankage, one of the PSI 16.5-inch tankage family, was 
qualified at a burst pressure of 1580 psia. PSI has indicated that no diffi- 
culty would be anticipated in modifying and qualifying the TlP-2 tank to this 
criteria. The only penalty would be a minor increase in weight (12.2 pounds 
as compared with 11.5 pounds of the existing TIP-2 tank) and in non-recurring 
cost. The non-recurring cost increase is estimated to be equal to 25 percent 
of the recurring cost of one tank. All SPS-I tanks are manifolded and filled 
through a single gas fill and drain valve and a single propellant fill and drain 
valve . 
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Figure 1. SPS-I Schematic 







Latch valves are used for thruster isolation in the event a propellant 
control valve fails open. Candidate latch valves include the LCSO design by 
Marquardt as discussed in Volume I, Section 7, and the Hydraulic Research 
torque motor operated magnetic latching valve used on the CTS and currently on 
the GPS. The Hydraulic Research design provides a flow rate considerably 
higher (0.06 pps), than that required by the SPS-I where as the Marquardt design 
is marginal (0.038 pps) even if it can be qualified to the required flow rate 
(0.043 pps). Use of the LCSO valve at the 0.038 pps flow rate would result in 
a beginning-of-misslon thrust loss at approximately 12 percent. The latch 
valve configuration shown on Drawing 42625-3 is the LCSO Marquardt configura- 
tion. The Hydraulic Research design is a highly desirable alternate and, as 
discussed in the cost analysis appendix, is available at a lower cost than the 
LCSO component. The tank temperature transducer Is a standard off-the-shelf 
item and one per tank is desirable to insure that the hydrazine temperature 
can be monitored. The GPS temperature transducer, manufactured by RJF Corpora- 
tion, Hudson, N. H. , SD P/N MC449-0195, would be an acceptable item for this 
purpose. The thrusters shown in Drawing 42623-3 are the Rocket Research LCSO 
thruster and the Hamilton Standard 5.0 thrust lUE engine. Details on the LCSO 
thruster are presented in Volume I Section 7j additional details on the 
Hamilton Standard engine are presented below. 

The Hamilton Standard 5.0 Ibf thruster is one of the REA 16 series of 
thrusters which have been qualified and flown on 16 spacecraft. The propellant 
valve for the 5.0 Ibf thruster is a single seat, solenoid operated valve 
furnished by Wright Components. The basic thruster consists of a trim orifice, 
injector tubes, diffusers, thermal standoff, reaction chamber, and exhaust 
nozzle. The transition tube is welded to the inlet of the thruster and pro- 
vides a flange for attachment of the propellant valve. 

Six capillary tubes are used, as in all other REA 16 thrusters. At the 
end of each capillary tube, .projecting into the catalyst bed, is a dual screen 
diffuser. The diffuser is used to uniformly distribute the propellant to the 
catalyst bed and the screen is employed to prevent catalyst fines from 
migrating upstream especially during thruster vibration. 
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Four identical rocket engine modules (REM) are provided to effect pitch, 
yaw, and roll control using the 0.2 Ibf thrusters and delta velocity maneuver 
using the 5.0 Ibf thrusters. Each REM contains three 0.2 Ibf thrusters and 
one 5.0 Ibf thruster. The three 0.2 Ibf thrusters are connected to one latch 
valve and two 5.0 Ibf thrusters from opposing REMS are connected to another 
latch valve. Firing of the individual thruster is controlled by the actuation 
of a normally closed solenoid valve. In the event of a failed open thruster, 
the latch valve is actuated closed to terminate the propellant flow to the 
failed thruster as well as those thrusters that are controlled by the same 
latch valve. 

Figure 3 illustrates the arrangements of the thrusters in the REM. A 
right-angle nozzle configuration was adopted for the 5,0-pound thruster in 
order to stay within the geometrical limits. As shown, the electronics to 
control and monitor the REM thrusters and thermal control are packaged 
immediately adjacent to the REM in order to minimize the wire length and EMI 
(see Section 5.0). Dynatube mechanical joints are shown at the REM interface 
to permit ready replacement of the entire REM. 

Space Division (SD) has a broad range of experience with Dynatube fittings. 
This component was used on the Apollo program and is currently employed on 
several Shuttle subsystems, including the hydrazine auxiliary power unit. If 
properly prepared. Installed, and checked, it has been found that the Dynatube 
fitting is extremely reliable and does not require redundancy. When handled 
correctly, the reliability of a Dynatube connection is comparable with that of a 
brazed or welded joint, SD experience has indicated that when problems with the 
Dynatube fitting have occurred, it has generally been due to improper alignment 
and/or lack of support of the propellant lines adjancent to the connector. SD 
believes that an entirely satisfactory utilization of Dynatube fitting on the 
MMS hydrazine propulsion system can be achieved if the following criteria are 
implemented: 
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Figure 3. Rocket Engine Module (REM) 
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• Test 

» Establish torque values to meet leakage requirements 

• Determine allowable vibration levels as a function of line 
size 

• Determine leakage vs. temperature characteristics 

“ Design 

• Pitting ends are welded to cres tubing 

• Adeqviate support of lines and mating parts to prevent 
flexure during vibration 

• Proper torque values specified 

° Mating sealing surfaces polished to an 8 RMS finish 

• Joints safety wired for reliability 

• Line size limited to l/2 inch diameter maximum for N 2 Hi(. 
service 

“ ' Process Control 

• Fixtures used to protect sealing surfaces during 
assembly 

• Adequate inspection data specified for checking 
centerline to centerline alignment of tube with mating 
part during assembly 

• All joints checked to a requirement of 1 X 10"^ SCCS, 
actual, helium, at system operating pressure 

In the event GSFC elects not to use the Eynatube fitting, the SD suggests 
that a KAVAN type flange seal be investigated as a means of providing 
redundant sealing . 
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Drawing 42623-3 also illustrates the location and arrangement of the 
other system elements including the- electrical connector, the latching valves, 
pressure transducer, system filter, fill and drain valves, remote Interface 
units (RIU) , and electronics to control and monitor the non-REM elements. 

All elements except the REM' s are mounted on the forward face of the bulkhead 
to minimize their environmental exposure including plume impingement. All 
plumbing and wiring to the REM's is routed through the channel which is the 
closeout member for the bulkhead and is covered by a thermal protective cover. 
The relationship between the latching valves and the thrusters is shown in 
Table 1. 


Table 1. Thruster/REM Relationship to Latch Valves 
(Ref. Drawing 42623-3, Zone 18) 


Latch Valve 

Thruster/REM Controlled 

1 

REM D 

2 

5.0-lb Thrusters D-1 and B-1 

3 

REM A 

4 

REM B 

5 

5.0- lb Thrusters A-1 and C-1 

6 

REM C 


The concept for the attachment to the MMS structure was modified somewhat 
from the earlier layout. Drawing 42623-3 shows a concept which utilizes a 
"dovetail fitting" on the same bracket which holds the electrical connector 
in place of the two pins shown on Drawing 42623-1. The advantage of this 
modification is that it allows engagement of the dovetail with a guide rail on 
the MMS (or module magazine) early in the module insertion motion where 
visibility is better and ensures accurate tracking of the module electrical 
connector and structure supports to their mating parts. This is particularly 
important for the insertion into the module magazine where the apex point will 
be hidden from the operator. 

Preliminary sizing of the propulsion module structure was accomplished 
using the NASTRAN computer program and a simple structural model. CRT pro- 
jections of the model giving node point and element notations are shown in 
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Figures 4 and 5 . The model contains 11 node points and 46 elements . Bar 
(CBAR) elements are used to represent the propellant tank attach rings, the 
bulkhead outer closeout ring, and the MSS attach fittings. Triangular (CTRIAl) 
and rectangular (CQXJADl) honeycomb plate elements are used to represent the 
bulkhead. Initial modeling was based on a 4*- inch thick bulkhead and then 
revised to reduce the bulkhead thickness to 3 inches. The resulting element 
section properties are given in Figures 6 through 9. 7075-T73 aluminum was used 

for all bar elements, and 7075-TG aluminum was used for the plate elements. 

Using the loading and reaction system shown in Figure 10 and tlMS criteria, 
a static analysis of the model was run for Delta launch and orbiter loading 
conditions. Each load condition was run with the possible 1, 2, or 3 propellant 
tank combinations. Structural mass and propulsion system mass exclusive of the 
propellant and propellant tank mass was distributed uniformly on the bulkhead 
plate elements and given inertial loading by means of the NASTRAN gravity load- 
ing system. The propellant tank loads were distributed equally to each tanks' 
bulkhead attach points. The resulting maximum stresses reaction loads and 
deflections are summarized in Table 2. These data show that the concept with a 
3- inch thick bulkhead is more than sufficient for the static load and deflection 
criteria. Also, the structure can be resized to reduce weight even when dynamic 
effects are included in the analysis. 

Mass properties were estimated for the SPS-I configuration as shown in the 
following computer printout. These data assume the use of a 3-inch thick bulk- 
head and the above structural analysis. Table 3 presents a summary of the data 
for the version with two tanks and also shows the net change in weight and c.g. if 
the. third' tank is added« The two tanks are shown with a total propellant load of 
64 pounds which approximates the requirement for the defined mission but is con- 
siderably below their capacity. This situation results because the maximum 
capacity of a single. tank at a 3;1 blow-down ratio is 55.7 pounds. If a single 

tank were used to contain the minimum mission requirement of 61.1 pounds the 
corresponding blow-down ratio would be - — 3.6:1. 

The center of gravity axis systems shown in the computer printout 
(Table 4) is based on the x axis Sta. 500 at the centerline of the spacecraft 
transition adapter. The y and z axis Sta. 0 have been taken as 500 inches 
from the spacecraft geometric centerline. In the mass properties summary of 
Table 3 the y and z c.g.' a are shown in reference to the geometric axis (i.e., 
the 500- inch bias is removed) . 
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MSS delta launch propulsion structure 

UNCCFORMEO SHAPE 

Figure 5. Structural Model Element Notation 
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Figure 8. Bulkhead Attach Fittings Bar Elements 
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Figure 9. Honeycomb Bulkhead Plate Elements 
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Table 2. Delta 

Propulsion Module 

Sizing Analysis 

Summary 





NO. OF 

VEHICLE 



NODE PT/ 

PROP 

FLIGHT 

ITEM 

VALUE 

ELEMENT 

TANKS 

CONDITION 

MAX. BAR ELEMENT TENS 1 ON 

10,998 PSI 

ELM. 68 

2 

DELTA POGO 

MAX. BAR ELEMENT COMPRESSION 

-11,811 PSI 

ELM. 68 

2 

DELTA POGO 

MAX. PLATE ELEMENT TENS I ON 

9,726 PS! 

ELM. 10 

3 

DELTA POGO 

MAX. PLATE ELEMENT COMPRESSION 

-11,408 PSI 

ELM. 9 

3 

DELTA POGO 

MAX. PLATE ELEMENT SHEAR 

6,186 PSI 

ELM. 9 

3 

DELTA POGO 

MAX. Rx 

2,007 LBS. 

ND. 27 

3 

DELTA POGO 

MAX. Ry 

1,024 LBS 

ND. 27 

3 

DELTA POGO 

MAX. Rz 

1,410 LBS 

ND. 25 

3 

ORBITER LANDING 

MAX. X AXIS DEFLECTION 

-.117 IN. 

ND.23 

2 

DELTA POGO 

MAX. YAXIS DEFLECTION 

.107 IN. 

ND.26 

2 

DELTA POGO 

MAX. Z AXIS DEFLECTION 

. 069 1 N. 

ND. 27 

2 

DELTA POGO 


NOTE: DELTA LOADS ARE YIELD AND ORBITER LOADS ARE ULTIMATE 
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Table 3* Mass Properties Summary - Spacecraft Propulsion Subsystein-I 


Configuration 

Weight 

(lb) 

SPS-I (Two Tank Version) 


Structure 

49.7 

Propulsion System (wet) 

122.8 

Electrical and Electronic 

44.0 

Total Module (wet) 

216.5 

Less Expendables 


Propellant 

-64.0 

Total, Module (dry) 

152.5 

SPS-I (Three-Tank Version) 


Add 


Tank 

12.2 

Total Three-Tank Version (dry) 

164.7 

Plus Expendables 


Propellant Upper Center 

55.7 

Propellant Lower Left 

55.7 

Propellant Lower Right 

55.7 

Total, Three-Tank Version (wet) 

331.8 


Center of Gravity 
(in.) 


Moment of Inertia 
(slug ft^) 


Product of 
Inertia 


(slug ft ) 



566.4 

567.6 

566.0 


567.0 


152.5 567.0 -1.4 -0.3 13.4 4.9 


.9 0.1 -0.1 0.7 



567.0 

567.0 

567.0 


567.0 


































































OEIGINAL PAGE IB 
OE POOR QUAIZTYi 


Table 4. Mass Properties Computer Printout - Two Task SPS-1 


L^NCSAT FOLLOW-C^,^^HCP■r PFCP PCOS/A ®CS A (<5-3-''6J 


CP 



S CFKTEP 

CF gravity 

SH 

A PCMENTS OF ENEPTIA BEG 

CODE 

OESCRIPTIGN 

VF IGHT 
FCLNDS 

F X 

tIF» 

V 1 

OF) (IN) 

FA 

XX y Z X STA 

SLUG-FT2 SLUG-FT2 SLUG-FT2 (INI 


PPCPUtSICN MOCULE (ShORTI SPS-1 nt.G A2623-3 TWT TANK VFP'ION 


structure 



0 0 

BULKHEAD 

2k, 2 

0 

567.6 

50C.0 

500.0 

22 

3.3 

0.9 

0. 9 

0. 


0 0 

SUPPORT FTG (LOhER) 

C,9 

c 

56A. « 

50C.0 

A8<i,d 

20 

0.0 

0.0 

0,0 

0. 

ro 

0 0 
0 0 

SUPPORT FTG (LPR tn 
SUPPORT FTG (UPR PH) 

C.9 

C.9 

c 

c 

566.2 
56t. 2 

<►82.0 
515. C 

512.8 

512.8 

20 

20 

0.0 

0.0 

0. 0 
0.0 

0.0 
0. 0 

0. 

0. 


0 c 

UPPER ATT LATCH FTG (LH» 

3.C 

c 

563.0 

kh2.0 

512.8 

20 

0.0 

0.0 

0. 0 

0. 


0 c 

UPPFP ATT LATCH FTC (PH) 

3.0 

c 

563.0 

513.0 

512. fl 

20 

0.0 

0.0 

.0.0 

0, 


0 0 

LCkER ATTACH “PACKET 

2.3 

c 

563. fl 

50C.O 

483.6 

20 

0.0 

0. 0 

0.0 

0. 

0 0 

LOHEP ATT LATCH 

1 .0 

c 

559, 6 

5CC.0 

484.0 

20 

0.0 

0. 0 

0.0 

0. 

cn 

CO 

0 0 

UPPFR ELECTRCNIC 8RKT 

l.f 

c 

562.2 

A86,'. 

508.0 

20 

0.0 

0.0 

0.0 

0. 

> 

t 

o 

0 

VO 

Ui 

1 

0 0 . 
0 0 

UPPER ELECTRONIC HRKT 
HEA-f SHIELC 

l.T 

c 

c 

562.2 
56P. 3 

513,6 

src.o 

50". 0 
«00.0 

20 

20 

0 .0 
0,3 

0.0 
0. 1 

0.0 
0. 1 

0. 

0. 

to 

1 0 

MISC INSERTS C CCMINCEN 

k.k 

c 

567.8 

50C.0 

500.0 

20 

0.0 

0. 0 

0.0 

0. 


TOTAL 

STRUCTURE (SHORT RCOUIE) 












* 

FIRST level total 

«rS.’ 


566, 

500 

,0 50 

1.2 

4.6 

0.0 

1 .6 
- 0 , c 

l.S 

-0.0 
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Table 4. Mass Properties Computer Printout - Two Task SPS-I (Cent) 



OP 

cnce 


LANCSAT FOLlnw-C^ SHCPf PPCP PCCIS/A PC5 A (9-3-76» 




S CENTER 

CF GRAVITY 

CESCRIFT ION 

hElGET 

R X 

Y 

Z 


FOUND ' 

(IN) 

( IN ) 

( IM 


A MOMFNTS HF inertia BEC> 

XX y 7 X STA 

SLUG-FT2 SLUC-FT2 SL'jr.-FT? ( I N» 


ELECTRICAL G ELECTFCNICS 


0 

0 

pENQte 

INTERPACF 

UNIT 

E.O 

C 

562. ? 

511.2 

508.0 

20 

0-0 

0. 0 

0,0 

0. 

0 

0 

RFMOIE 

interface 

LN I T 

5.0 

C 

562.2 

APR. 8 

c 

o 

o 

20 

0.0 

C. 0 

c.o 

0. 

0 

0 

pw lU 



3.5 

C 

56 A. 0 

500.0 

521,2 

20 

0 .0 

0.0 

0. 0 

c. 

0 

0 

PM IL 



■3.5 

c 

572.1 

ASS .6 

517.6 

20 

0.0 

0.0 

G. 0 

c. 

0 

0 

DMIU 



3,5 . 

c 

5T?. I 

518.0 

5 10, A 

20 

0.0 

0. 0 

0.0 

0. 

0 

0 

P^<1U 



3.5 

c 

572.1 

510. A 

A82.0 

20 

0.0 

0. 0 

0.0 

0. 

0 

0 

PMIU 



3.5 

c 

= T2. 1 

AT7- 5 

A8S.6 

20 

0.0 

0. 0 

C, 0 

0. 

0 

0 

MAIN CONNECTOR 


5. C 

c 

563.0 

500.0 

A85.2 

20 

0.0 

0.0 

0.0 

c. 

<* 

G 

WIRING 



11.5 

c 

563. R 

500. 0 

500. 0 

20 

0.0 

0. 0 

0. 0 

0. 


total, ELECT G ELECTRONIC 

I 

TOTAL PROPULSION NOCULE UET) 


* 

FIRST level total 

AA. 0 

R66. 0 

ASS. 6 

501.8 

2. A 

1.5 

1.2 






-0.0 

-0.1 

0.0 


SFCONO level total 

2U.5 

567 .0 

AS9.0 

AS8.2 

1A.8 

5. 1 

S.l 






O.l 

-0. 1 

O.T 

* 

THIRD LEVEL TOTAL 

21 6.5 

567.0 

ASS. 0 

A98.2 

lA.S 

5.1 

9. 1 






0.1 

-0. 1 

O.T 
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Table 4. Mass Properties Computer Printout - Two Task SPS-I (Cent) 


tANOSAT FCU^W-^^,{SHnp■' pocp PCOS/A pC$ a (S-3-76) 


ftp 

cnne 

CESCBIPT ION 

ufight 

POUNDS 

V 

CENTER 

X 

(IM 

OF GRAVITY 
Y Z 

<1M (IN) 

SH A MOMENTS OF 

FA X X Y 

SLUG-FT? SLUG- 

inertia 

z 

FT 2 SLUG- 

X 

FT2 

BEG 

STA 

UNil 

PRCFULSION SYSTEM ISHCRT MCO J 












0 0 

TANK (LH) 

12.2 

0 

567, C 

69C.0 

696.8 

20 

0.1 


0. 1 

C. 1 

O'. 

0 0 

TANK IPH) 

12.2 

0 

567. Q 

5CS.2 

696. R 

20 

0.1 


0. 1 

0. 1 

0. 

0 0 

thruster module (ULH) 

-t.7 

C 

571,’ 

689.2 

518.8 

20 

0.0 


0,0 

0.0 

0. 

0 0 

thruster module <ure> 


c 

571.3 

519.0 

510.6 

20 

0.0 


0.0 

0.0 

0. 

0 c 

thruster MOOULE tLlE) 

4. 7 

c 

571.3 

682.0 

6U9.2 

20 

0.0 


0.0 • 

0.0 

0. 

0 0 

THRUSTER MCDULF (LRHl 

ti.t 

c 

5‘’1.3 

51C.6 

6R2.0 

20 

0.0 


0,0 

0.0 

0. 

0 0 

lA-^CH VALVES (LH> 3 

l.S 

0 

563,9 

685.6 

682.6 

20 

0.0 


0.0 

0 . c 

0. 

0 0 

LATCH VALVES TRHJ 7 

1-9 

0 

563. P 

610.6 

682.6 

20 

0.0 


0.0 

0.0 

c. 

0 0 

Eli TEP 

C. 3 

c 

56 R 

5CC.0 

500.0 

20 

0.0 


0. 0 

0.0 

04 

0 0 

f ILt/0RAIN,f.N2 

0.3 

0 

56 5.6 

69C.0 

52C.6 

20 

0 .0 


0. 0 

0. 0 

0. 

0 0 

FILL/OfiAIN.REOP 

0.3 

0 

565.6 

652.6 

52 0.6 

20 

0.0 


0. 0 

0. 0 

0. 

G Q 

PRESS IRANSOUCeo 

C.5 

c 

565.6 

686.8 

686.0 

20 

0.0 


0.0 

0.0 

0. 

0 0 

TEMP TPANSCUfFP OJ 

1.5 

c 

565.6 

500.0 

500.0 

20 

c.o 


0. 0 

0.0 

0. 

0 0 

PLUMB ING 

3.0 

0 

566,0 

500.0 

5CC. 0 

20 

0.0 


0.0 

0.0 

0. 

0 0 

SUPPORTS 

’.0 

c 

568.0 

500.0 

500.0 

20 

0.0 


0.0 

0.0 

c. 

0 0 

FROPFLL ANT.bh TANK 

32.0 

c 

567. c 

505.? 

696. R 

70 

0.0 


0.0 

0. 0 

0. 

0 0 

PROPELLANT, LH TANK 

32.0 

( 

567. C 

650. 8 

696. r 

20 

0.0 


0. 0 

0.0 

0. 

1 0 

CONTINGENCY 

2 .0 

0 

567. P 

50C.O 

500. 0 

20 

0 .0 


0.0 

0. 0 

0. 

total 

PROPULSION SYSTEM INETJ 













♦ FIRST LEVEL TOTAL 

122. P 


567 . 

6 690 

.6 6°5. 

8 

7.3 

0.2 


1.6 
0. 1 

6 

0. 

.1 

5 
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Table 4. Mass Properties Computer Printout - Two Task SPS-I (Cont) 



LANOSAT FCILCW-CN, (SHCR 1 PFCP MOOIS/A PCS A 


CP 

CODE 

DESCRIPTION 

NFICHT 

FTIjNCS 

S 

P 

CENTER CF GRAVITY 

X y z 

(IN) ( IM (IN) 

I < 

A MCMENTS OF 

XX Y 

RLUC-FT2 SLUG- 

INERTIA beg 

1 X sta 

FT 2 SLUG-FT2 (jn) 

LFSS 

EXPENCAELES 








0 0 

PPOPFL LANTfRH TANK 

-??.o 

0 

56T.0 SOS. 2 A=A.P 

20 

0.0 


0. 0 0. 0 0. 

C 

PROPELLANT ,LH tank 

-3E.0 

c 

567. C A9C.8 A9A, 8 

?0 

0 .0 


0.0 O.C 0. 

TOTAL 

EXOPNDAELES 








TOTAL 

.PPOPULSICN MOCLLE (CRY) 









» FIRST level total 

-6A .0 


567.0 SCO. 0 AOA 

.8 

- 1.? 
0.0 


0.0 -1.2 

0.0 O.C 


* SECOND LEVEL TOTAL 

-LA. C 


56T.0 500.0 A9A 

.8 

-1. ? 
0. 0 


0.0 “1,2 

0.0 0.0 


» THIRD LEVEL TOTAL 

152.5 


567. C A«fl.6 A9R 


13.4 

0.1 


4.0 t,9 

-0.1 0.7 



The SPS-I utilizes three of the modified TIP-2 tanks to provide a maximum 
propellant capacity of 167.1 pounds at a 3:1 blowdown ratio. Increased 
propellant capacity can be obtained by accepting a larger blow-down ratio or by 
adding supplementary ullage volume in another tank. The upper limit for the 
selected tanks is 213.3 pounds which is set by the point at which the diaphragm 
is snug but not stretched. To maintain the 3:1 blow-down at this loading 
requires the addition of approximately 1800-cu.in. of ullage volume. Figures 11 

t 

and 12 show the schematic and design concept for this maximum capacity option 
utilizing a PSI tank developed for the Marots program for the ullage volume. 

The Marots tanks extends into the central volume of the MMS which would make 
this configuration incompatible with the standard on-orbit module exchange 
process. If subsequent mission analyses indicate the desirability of carrying 
this much propellant on a serviceable mission, it is possible that a special 
procedure could be derived to exchange this module since clearance exists 
around the Marots tank to permit some lateral motion for disengagement prior 
to lowering the module to clear the spacecraft structure. 

3.3 SPS-IA DESIGN CONFIGURATIONS 

For those missions of the MMS which do not require servicing but do need 
the maximum propellant capacity within the overall length constraints imposed 
by the launch vehicle adaptor, a propulsion module designated SPS-IA was 
derived. Figure 13 shows the schematic for this concept and Drawing 42623-5 
illustrates the design concept. The system schematic is identical to the 
SPS-I except that two HEAO tanks modified to a 4:1 burst to operating pressure 
are added. This modification is estimated to increase the weight per tank to 
19.5 pounds. 

The HEAO tanks are mounted in the central volume of the MMS utilizing a 
cylindrical connection between the two tanks. This, in turn, is supported by 
three built-up structures which bridge to the spacecraft main longerons. The 
installation concept is that the tank support structures would be installed as 
part of the MMS structure build-up while the two HEAO tanks would be integrated 
with the rest of the SPS-IA system utilizing a piece of GSE to hold them in 
position. When the propulsion module was Installed the HEAO tanks would be 
slipped into the central cavity concurrently with the attachment of the rest 
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of the system to modified brackets on the aft face of the MMS. Brackets on 
the cylindrical interconnect between the two tanks would connect with the 
tank support structures and the support GSE could be removed. It should be 
noted that the electrical connection has to be performed as a separate opera- 
tion after structural mating. 

This system provides a total capacity of 436.3 pounds of hydrazine at a 
3:1 blow-down ratio. No structural interferences were discovered with either 
the spacecraft structure or the module electrical connectors. There would be 
a significant impact on the thermal relationships between the various space- 
craft elements, but this was not analyzed. 
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4.0 SHUTTLE MISSION CONFIGURATION 


4.1 REQUIREMENTS 

The propellant requirements for the mission where the spacecraft is 
delivered to orbit by the Shuttle, was determined by the analyses in Volume I 
to be 1027.6 pounds. This was based on a conservative analysis of the pro- 
pellant required to transfer from a Shuttle-delivery orbit of 150-nmi to the 
operational orbit at 380.6 nmi, perform the same orbital functions required of 
the Delta- launched version, transfer back to the 150-nmi orbit for Shuttle 
retrieval or service, and provide control authority during the transfers. 

The constraints on this design were not as severe as those for SPS-I in 
that there was no defined length limit. However, it was shown in Volume I that 
the present Shuttle cost share formulae places considerable emphasis on 
reducing the overall length of the payload. The constraints due to the module 
exchange process were the same, and the design was driven by the solutions 
found there in order to maintain a compatible interface with the MMS design 
and the MEM. 

4.2 SPS-II DESIGN CONFIGURATION 

It was decided to utilize existing tank designs to minimize development 
costs and the only viable candidate for this propellant quantity was found to 
be the Viking Orbiter '75 (VO '75) tank. As discussed in Volume I, this tank 
system utilizes a capillary propellant management device (PMD) to prevent 
uncovering of the propellant exit in zero-g. While there is some uncertainty 
about the compatibility of this device with the fuel and mission profile of 
the Landsat Follow-on/l'IMS , available data indicate that, pending definitive 
test, it appears to be an acceptable choice for the SPS-II propulsion module. 

A somewhat modified version of the VO '75 tank was utilized in that the burst 
to operating pressure was raised to 4:1 by increasing the wall thickness and 
the mounting fittings were changed (simplified) to better match the SPS-II 
configuration. The new tank weight was estimated to be 139 pounds without the 
PMD. 
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Figure 14 is the schematic for the SPS-II. It is identical to the SPS-I 
and -lA schematics except for the tankage. Drawing 42623-4 and Figure 15 and 
16 illustrate the design concept. The basic structural approach involves the 
attachment of two ring structures to the VO '75 tank flanges. The forward ring 
provides the mounting plane for the module attachment brackets and the elec- 
trical connector which are identical to those on the SPS-I. The aft ring 
supports the REM's, control and monitoring electronics, and other system 
elements which also are identical to those on SPS-I. Since these elements are 
exposed to the plume back wash during the long orbit transfer burns, a heat 
shield covering everything except the REM's was included. Electrical connec- 
tion between the front and back is carried through two wire tunnels . 

Because of its length (-bO inches) and weight (~1500 pounds) the SPS-II 
could require lateral load support to the Flight Support System (FSS) . The 
support concept considered is shown in line diagram in Figure 17. Two support 
struts are considered as shown in order to react loads in any lateral axis as 
well as avoid interference with the lower arm of the FSS berthing cage. 

Dynamic studies conducted to date have shown orbiter liftoff conditions gener- 
ate Y axis loads nearly as severe as the Z axis loads of the landing conditions 
Therefore, a support system with the capability of reacting loads in any 
lateral axis may be required. 

It should be noted that the lateral load supports will be required only 
if the moment relief supplied by connecting the berthing cage to the MMS is 
insufficient. Additional moment relief could be achieved if a new propellant 
tank were designed for the SPS-II such Chat the overall length was reduced to 
approximately 30 inches. This additional moment relief would reduce the 
possible requirement for lateral load supports appreciably. Interface loads 
at the MMS latches for the orbiter landing condition resulting from static 
analysis are shown in Table 5 for these various concepts to illustrate this 
point. The SPS load/reaction system is shown in Figure 18. It should also 
be noted that the preliminary analysis of Shuttle transportation costs in 
Volume I indicated a potential gain by designing a unique tank which would 
shorten the overall payload length. 
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PLATFORM 


Figure 17. SPS-II Lateral Load Support Concept 



Table 5. SPS-II/MSS Interface Loads 



















Table 6. Mass Properties Summary - Spacecraft Propulsion System-II 







Moment of 

Product 

of 



Center of 

Inertia 

Inertia 



Gravity (in.) 

(slug-ft^) 

(slug-ft2) 

SPS II 

(lb) 

X 

Y 

Z 

"x 



^XY 

^xz 

^Z 

Structure 

48.0 

582.5 

0.2 

0.2 

3.3 

7.3 

7.3 

0.1 

Bfl 

0.1 

Propulsion System (wet) 

1241.8 

588.4 

0.0 

0.0 

8.7 

17.5 

17.6 

0 


0 

Electrical Electronic 

63.0 

597.0 

-0.4 

-9.5 

2.3 

6.0 

5.4 

-0.1 


0.3 

Total, Module (wet) 

1352.8 

588.5 

0.0 

-0.4 

15.5 

33.4 

31.7 

-0.1 

-0.3 

0.4 

Less Expandables 











Propellant 

-1061.5 

587.5 



0 

0 

0 

0 

0 

0 

Total, Module (dry) 

291.3 

592.4 

0.0 

-2.0 

15.3 

32.0 

30.5 

0 

0.2 

0.4 
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Table 7. Mass Properties Computer Printout, SPS-II 



lANOSAT FCLLCVi-CN (LONG PPCF.^CG) 

5 CEMfP fF GRAVITY SH A MOMENTS OF INERTIA BEG 

CESCRIPTICN UFIGH’ P>Y7FAXX Y ZX STA 

PfUNCS UM (IM UN) SLUG-FT2 SLUG-FT2 SLUG-FT2 (IN) 


PPOPLLSIQN MDCUIE SPS II DWG A2E23-A 


STRUCTURE 


0 0 

FWD RIAG STRUCTURE 

12.1 

C 

55R.1 

500.0 

500.0 

1 X 

l.O 

0. 5 

0. 5 

0. 

0 0 

AFT mNG STRUCTURE 


c 

608.4 

5CC.0 

500.0 

1 X 

0.7 

0.4 

0.4 

0. 

0 c 

SUPT FTG-LQWER 

l.C 

c 

566.3 

500.0 

4P2.0 

20 

0-0 

0.0 

0.0 

0. 

0 0 

SUPT FTG-IUPPER LH) 

1.0 

c 

566.3 

481.2 

512.0 

20 

0.0 

0. 0 

0.0 

0. 

0 0 

SUPT FTG-IUPPEB RH) 

1 .0 

c 

566. ^ 

516.8 

512.0 

20 

0.0 

C-0 

0. 0 

0,- 

0 0 

UPR ATTACH LATCH FTG-LH 

3.0 

0 

56 2.0 

API, 2 

512.0 

20 

0.0 

0.0 

0.0 

c. 

0 0 

UPR ATTACH LATCH FTG-RH 

3.C 

c 

563.0 

515.5 

512.0 

20 

0.0 

•0,0 

0.0 

0. 

0 0 

LOWER ATTACH BRACKET 

2, 3 

c 

563. C 

500.0 

452 .0 

20 

0. 0 

0. 0 

0,0 

0. 

0 0 

LOWER ATTACH LATCH 

1.0 

c 

562. C 

5CC.0 

4“2.0 

20 

0.0 

0 . c 

0.0 

c. 

0 0 
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Table 7, Mass Properties Computer Printout, SPS-II (Cont) 
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Table 7. Mass Properties Computer Printout, SPS-II (Cent) 
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5.0 ELECTRICAL CONTROL AND DATA HANDLING 


The command and control concept mechnized on the MMS is one where all 
commands and information signals originate and terminate at central .equipment . 
The MMS command and data handling subsystem (C&DH) performs this function with 
a computer serving as the centralized .element and remote interface units (RIU) 
acting as the devices which distribute commands and signals from other MMS 
subsystems and experiments (see Figure 19) . 

The interface between the RIU and the subsystems has specific electrical 
characteristics, not generally compatible with the propulsion module (PM) 
electrical-mechanical components (propulsion jets tranducers, etc.). This RIU 
input/output necessitates additional equipment to adapt the RIU to the PM 
components, identified as a propulsion module interface unit (PMIU) . 

This section describes the requirements and concept mechanization of the 
equipment located in the PM to control the PM and handle the data originating 
there. Included is the mechanization of the PMIU and a description of its 
interfaces with the RIU and PM. 

5 . 1 REQUIREMENTS 

The functional requirements of the electrical control and data handling 
equipment in the PM are to: 

1. Drive the solenoids in the thruster jets from command signals which 
are received from 

• The RIU. 

• The attitude control system (ACS) via hardwire (low-thrust jets 
only) . 

2. Drive the latch valves from command signals which are received from 
the RIU’s. 

3. Control the temperature of the thruster catalytic heaters. 

4. Control the temperature of the PM components. 
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Figure 19. Block Diagram of CU-RIU Configuration 









5. Provide PM performance data to the RIU and the PM interface 
connector with signal conditioning as required. 

6. Route PM command signals and resulting performance status through 
an access connector for checkout purposes (not functionally 

'required) . 

The electronics to control the PM include the RIU and the PMIU between 
the RIU and the PM components. These electronic packages must fit within the 
space available in the PM, which in turn is constrained by the MMS. Space is 
very critical in the Delta- launched PM (SPS-I) ; therefore, the electronics 
must be mechanized to conserve volume. 

The jet thrusters are packaged in rocket engine modules. The REM's are 
placed around the PM to provide adequate X, Y, and Z control. Functionally an 
electronics package is required between the REM and RIU with the largest number 
of wires required between the REM and the electronics. This wiring is also 
the noisiest electrically since -large currents are switched into Inductive loads. 
To save weight (copper) and reduce the radiation effects, these electronics 
should be placed close to the REM's. 

5.2 CONTROL CONCEPT 

Three functional types of control are required to operate the PM: valve 

control (thrust and fluid), catalytic heater, and PM component temperature. In 
addition, signal conditioning is required to match the output of the trans- 
ducers with the inputs to the RIU. The transducers provide the temperature 
and pressure status of the propellant in the tanks. 

The concept for controlling the valves is shown by Figure 20. A signal 
from one or both of the redundant RIU's will be conditoned, stretched in time, 
and drive redundant relays, either of which will allow current to flow to the 
solenoid of the selected valve. Suppression is placed across all solenoids to 
reduce electrical noise. 

The concept for controlling the catalytic heaters is shown by Figure 21. 

The sensor (t^) , measuring the catalytic bed temperature is one leg of a 
bridge. The bridge is excited at equally spaced time intervals by the RIU's 
Type IV constant-current output signal. The analog output of the bridge is 
fed into temperature "high- low" logic which in turn controls the application 
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Figure 20. Propulsion Module Control Concept 
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of current to the heater elements. The circuitry is redundant from the analog 
temperature input through the relays applying current to the heaters . 

The concept for controlling the temperature of the PM components consists 
of redundant temperature-sensitive switches applying current to heater strips 
secured to the component as shown by Figure 21. 

To condition the signals from the transducer, normal signal conditioning 
techniques could be used. The transducers and sold-state amplifiers would 
periodically be supplied a power pulse from the RIU’s Type IV constant-current 
output and the resulting conditioned transducer signal fed to an RIU input 
channel. Any caution and warning, signals originating. in .the propulsion module 
are transmitted over hardwire from their initial source (with conditioning if 
required) to the module interface connector and, in turn, to the MMS umbilical 
and to the Shuttle, 

The electronics required to accomplish the electrical control and data 
handling of the PM is defined as the RIU and PMIU. The RIU is supplied as part 
of the C&DH subsystem but the PMIU would be a specially built unit for the PM. 
The PMIU would contain all the special electrical functions described pre- 
viously and is visualized to be packaged as five separate elements to minimize 
the wiring and EMI impact as previously discussed. Four of the PMIU's would 
be identical, each used to control one of the REM's. A 'fifth PMIU would 
contain the. controls for the latch valves, signal conditioning, and circuitry 
for PM component temperature control. (Further study may show that all five 
PMIU's could be identical with the signal conditioning and component tempera- 
ture control shared by each.) 

Figure 22 shows in block diagram format the equipment and interfaces to 
control the PM. Physically each PMIU is placed right next to the REM with 
which it is associated, thus minimizing cable length. (Further study may show 
the desirability of making the PMIU a plug-in module of the REM.) 

The interface wiring between PM components is shown in Table 8. The 
total wiring of a given component is shown in the Total column. The analysis 
which was performed to develop these data was made to size the connectors and 
estimate the weight and therefore cannot be directly related to the signals 
between components or RIU input/output selection. 
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The usage of the RIU Input/output channels was not evaluated. A detailed 
analysis of the measurement and conmand type -of signals required versus those 
available from the RIU must be made to assess the adequacy of one RIU to 
accomplish the electrical control and data handling function. The second RIU 
is to be redundant and must carry the same functions . 

5.3 PHYSICAL CHARACTERISTICS 

Physical characteristics are presented in Table 9 for the RIU, PMIU, 
and the wiring necessary to cable the- equipment- together. The RIU characteristics 
are taken directly- from GSFG document S-714-11, Preli-minary Specification for 
STACC Remote Interface Unit- and -Expander. Unit. The. PMIU and cabling were 
estimated. The estimates do not include- the power necessary for thermal 
heaters . 


Table 9. Physical Characteristics 


Item 

Unit Weight . 
(lb) 

Unit Volume 
(in.^) 

Avg. Power 
(watts) 

Peak Power 
(watts) 

RIU 

5.0 

140 

'VI. 5 

5.6 

PMIU's 1-4 

3.5 

82 

2.1 

3.7 

PMIU 5 

3.5 

80 

2.3 

3.9 

Cabling 

11.36 


- 

- 
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6.0 PLUME ANALYSES 


6.1 PLUME ENVELOPES 

The plume envelopes resulting from an inviscid flow analysis are pre- 
sented in this section. The coordinate system for the plume envelopes is 
presented in Figure 23. The exhaust plumes presented (Figures 24 through 30) 
depict space or flight conditions . 

Because the plume envelopes were developed using an inviscid flow 
analysis, the outer portions of the plume are not necessarily valid. The 
gas in the viscous boundary layer within the nozzle will expand to much 
greater angles than predicted with an inviscid flow analysis. The portion of 
the flow area which is unaffected by the boundary layer is approximated by the 
following relationship: 



where 


F = Fraction of flow area unaffected by boundary layer 

= Nozzle exit plane radius, inches 

6 = Boundary layer thickness of the nozzle exit plane, inches 

Using the relationship developed in Reference 1, the following boundary 
layer thickness- to-nozzle exit radius ratios were determined: 


Thruster 

5 

Re 

F 

0.2-lbf 

0.297 

0.494 

5 -Ibf 

0.179 

0.674 

-lOO-lbf 

0.105 

0.801 


Thus, for the 0.2-lbf thruster, gas flow between the 100 percent and 
49.4 percent contours shown in Figure 24 will not be valid. Within this 
region, the flow expansion will be greater. The effect of the nozzle boundary 
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Figure 23. Pictorial Representation of the Normalized Coordinate System 

layer on the angle of the Mach ntimber line for the three thrusters is pre- 
sented on Figure 30. Consequently, instead of a 76.96-degree initial boundary 
turning angle (noted on Figure 24) , the plume boundary will expand greater 
than 162 degrees when boundary layer theory is applied. For example, note 
the position of the Mach 20 line on Figure 25. This line makes an initial 
angle of approximately 52 degrees with the nozzle centerline. However, when 
boundary layer theory is applied, this Mach line makes an angle of approxi- 
mately 157 degrees with nozzle centerline (see Figure 30) . The analytic 
method which gives the boundary layer expansion may be found in Reference 1. 

It should be noted that the method described in Reference 1 is a quick 
approximation analysis. More detailed and more accurate methods exist in the 
literature. 

It should also be noted that the exhaust gas of a hydrazine thruster is 
calorically imperfect. As the gas expands, the specific heat ratio increases. 
The specific heat ratio values used in Figures 24 through 30 are based on 
engine chamber conditions. The use of these values will result in the largest 
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Specific Heat Rofio — 1,293 
Nozzle Exit Plane Mach Number = 5.73 
Nozzle Half-Angle = 15 Degrees 

'17 

Ratio of Thruster Chamber Pressure to Ambient Pressure = 1 .*013 x 10 


Initial Boundary Turning Angle = 76,96 Degrees 


-^Percent 


Figure 24. Hydrazine 0.2-lbf Thruster: Percent of Exhaust Plume Flow 
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Contlnuum/Tronsitlonal Flow Boundary 







Specific Heot Ratio = 1.293 

Nozzle Exit Plane Mach Number = 5.73 

Nozzle Half-Angie = 15 Degrees 

17 

Ratio of Thruster Chamber Pressure to Ambient Pressure = 1.013 x 10 
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Figure 25. Hydrazine 0.2-lbf Thruster: ISO-Mach Graph 
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Specific Heat Ratio = 1 .288 . 

Nozzle Exit Plane Mach Number = 4.78 
Nozzle Half-Angle = 15 Degrees 

17 

Ratio of Thruster Chamber Pressure to Ambient Pressure = 2.2752 x 10 



Re 


Figure 26. Hydrazine 5-lbf Thruster: Percent of Exhaust Plume Flow 
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Figure 27. Hydrazine 5-lbf Thruster: ISO-Mach Graph 
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Specific Heat Ratio = 1,283 

Nozzle Exit Plane Mach Number = 4.955 

Nozzle Half-Angle = 15 Degrees 

Ratio of Thruster Chamber Pressure to Ambient Pressure = 1 x 10 



X 

Re 


Figure 28. Hydrazine 100-lbf Thruster; Percent of Exhaust Plume Flow 

61 


SD 76-SA-0095-2 









Specific Heat Ratio = 1,283 

Nozzle Exit Plane Mach Number =4,955 

Nozzle Half-Angle = 15 Degrees 

Ratio of Thruster Chamber Pressure to Ambient Pressure = 1 x 10^® 



Figure 29. Hydrazine 100-lbf Thruster; ISO-Mach Graph 
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EXIT NAACH NUIVM3ER,, DlMtMSJ OMLESS 
Figure 30. Mach Line Angle Using Boundary Layer Theory 
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plume and also the highest heat transfer rates and impingement pressures at 
any point within the pltune. For conservative design purposes, the engine 
chamber specific heat ratio is the recommended value to be used. 

Based on this analysis, the region of influence for all three thruster 
sizes is plus or minus 170 degrees as measured from the nozzle centerline. As 
stated, the larger the nozzle exit plane diameter, the smaller the amount of 
flow affected by the boundary layer. 


The exhaust plume will impinge onto the Landsat-D solar array and TDBS 
antenna to some degree. There will be no buildup of contamination deposition 
on either item since the surfaces xd.ll be warmer than -100°F and the trans- 
mittance of the solar cells will not be significantly affected as a result of the 

exhaust plume .impinging. onto the surface. Heating rates of 1.6 x lO"^ to 
-5 2 

■4.3 X 10 BTU/FT -sec can be anticipated, to exist on the solar array as a 

result of -exhaust- plume Impingement when the array is nearest to the thrusters. 

-4 -5 2 

Heating rates of 1.55.x 10. to 5.4 x 10 BTU/FT -sec are predicted for the 

TDRSS antenna when it is pointing doxmward toward the thruster. For the solar 

_2 

array,' a vector sum disturbance torque of 2.04 x 10 in-lbf (maximum) is 
predicted while the 0,2-lb thruster is firing and when the solar array is nearest 

the active. -thruster, module. For the TDRSS antenna, a maximum disturbance torque 

_2 

of 2,06 -X 10. in-lbf (maximum) is predicted when the antenna is pointing toward 
an active thruster. The thrusters could be canted to reduced the impingement but 
the analytical heat rates and disturbance torques are within the design limits of 
the system and the exposure times should be short. 
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6.2 BERTHING PROBE/ELECTRICAL CONNECTOR HEAT TRANSFER ANALYSIS 

Because the berthing probe and the spacecraft side of the launch umbilical 
are well within the expected plume envelope for the' SPS-I configuration, an 
investigation of the induced environment was made. Two methods were used to 
determine the impingement pressure and convective heat transfer rate onto the 
berthing probe tip and the top of the electrical connector (Figure 31) . These 
two positions were selected because these points would have the maximum and 
minimum values of pressure and heat transfer rate for the electrical connector/ 
probe assembly. The first method was developed primarily for nozzle back-flow 
problems but is considered applicable to this problem. The second method was 
developed for this type of flow problem (Reference 2) , Table 10 presents the 
data required to use the two methods. The coordinate system is shown in 
Figure 32. 

6.2.1 Nomenclature/Units 

Ag/A* = Nozzle area-to- throat ratio (R^/R*)^, dimensionless 
C* == Characteristic velocity, ft/sec 
F/Fmax “ Thrust coefficient, dimensionless 

gg = Gravitational constant, 32.17 Ibm-ft/lbf-sec^ 

I]_ = Plume integral, dimensionless 
M = Mach number, dimensionless 
ri = Flow angle function, dimensionless 
P = Impingement pressure, psia 
P^ = Engine chamber pressure, psia 
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• BERTHING PROBE IMPINGEMENT 



THRUSTER CHARACTERISTICS: 

• EXPANSION RATIO (•) - 100 

• EXIT RADIUS (R ) - 0.115-IN. 

e 

• NOZZLE HALF ANGLE (0i}) - 15° 


Figure 31, Spatial Relationship Between Hydrazine Thruster and 

Berthing Probe Assembly 



JS. 

Pfc 

'Figure 32, Graphical Representation of the Three Exhaust Plume Gas Flow 
Regimes for the 0.2-lbf Hydrazine Thruster in Space 
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Table 10. Pertinent Data 


Item Value 


0..2-lbf N 2 Engine Operating Conditions 
Assumed chamber pressure (Pc) 

Assumed ammonia dissociation 

• Gas chamber temperature (Tc) 

• Molecular weight 

• Specific heat ratio (y) 

Derived nozzle exit plane parameters 
assuming constant specific heat ratio 
and inviscid flow analysis 

• Mach number (Me) 

• Gas velocity (Ve) 

• Static temperature (Te) 

• Static pressure (Pg) 

• Static density (p^) 

Gas Constant (R) 


Coordinate System (see Figures 23 and 31) 

X 

-r — = 0 at nozzle exit plane 
K 

e 

Y 

•r — = 0 at nozzle centerline 
K 

e 

Berthing probe tip 

• X/Rg = (37-25. 5) /O. 115 = 100 

• Y/Rg = (15-4. 6) /0. 115 = 90.4348 

• Angle from nozzle centerline = tan~l (y/x) = 42.1246° 

• Angle from nozzle exit radius = tan“^ [ (15-4 . 6-0. 115) 7(37-25.5) ] 

= 41.8078° 

Top of Electrical Connector 

• X/Rg = (37-25.5-1.7)70.115 = 85.2174 

• Y7Re = (15- (-2. 4) 70 . 115 = 151.304 

• Angle from nozzle centerline = tan“l (y7x) = 60.6109° 

• Angle from nozzle exit radius = tan“^ [ (17. 4-. 115)7 (37-25.5-1. 7).] 

= 60.4483° 


275 psia 

65.6% 

2045° R 

12.6 lb mass7lb-mole 
1.293 


5.73067 

7677.59167 £t7sec 
351.90973° R 
0.11659 psia 
3.89082 X 10"^ Ibm7ft3 

122.61905 lbf-ft7lbm-°R 
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~ Ratio of nozzle exit plume static pressure to nozzle 
throat static pressure, dimensionless 

• 2 

Q = Convective heat transfer rate, Btu/ft -sec 

Tg/r* = Ratio of nozzle exit plane radius to throat radius, 
dimens ionless 

= Engine chamber temperature, ®R 

V = Gas velocity, ft/sec 
^max “ Maximum velocity, ft/sec 

= Ratio of sonic velocity to maximum velocity, dimensionless 

X/r* = Ratio of X-distance to nozzle throat radius, dimensionless 

y/r^ = Normalized distance perpendicular from nozzle centerline, 
dimensionless 

ctj^= Accommodation coefficient, dimensionless (assumed = 1) 

6 = Plume parameter, dimensionless 

Y = Gas specific heat ratio, dimensionless (Y = 1.293) 

0 = Angle of streamline with nozzle centerline, degrees 

0p| = Nozzle half-angle, degrees 
p = Gas density of streamline, Ibm/ft^ 

A = Plume parameter, dimensionless 
Subscripts 


B Denotes boundary layer conditions 

P Denotes plume conditions 


6.2,2 Analysis 

Method 1 - Boundary Layer Method (Source; Reference 1) 
• Maximum impingement pressure: 


p 
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• Maximum convective heat -transfer rate: 


9 



Xs \}^eJ _i 1 Kp . 




6c 


See Table 11 for parameters and results. 

Method 2 - Free Molecular Flow Model (Reference 2) . 


3 - C>.Q3S- / C \ ) 



^ 

V V-H 


> ~ B/H ^ O, 9 0^/3 


V 


m«.y 




RT^ / C v-O 






X 

L. 


n 


1 - cos & 
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Table 11 . Method 1 Parameters 


Item 

Berthing Probe 
Tip 

Top of 
Electrical 
Connector 

Angle from nozzle exit radius 

41.8078 

60.4483 

Normalized boundary layer streamline 
corresponding to p]^me streamline 
impinging surface 

2.8024 X lO"^* 

1.1415 X 10 ^ 

Mb 

4.8529* 

3.7915* 

Mp 

8.1073* 

8.6267* 

Vg, ft/sec 

5341.4788 

3907.4092 

Pg, Ibm/ft^ 

5.7543 X 10”^ 

8.0332 X lO"*^ 

Y 

.1.293 

1.293 

y/Rc 

90.4348 

151.304 

P,, psia 

2.5938 X 10"^ 

1.5942 X 10~^ 

, 2 
Q, Btu/ft -sec 

1.3860 X 10“^ 

6.7002 X 10“'^ 

*Previous analysis using this method 

Vr = and 

“b ■ '=2 ‘’e 



Reynolds number at nozzle exit plane = 

^ (3.8908 X 10~^) (7677.59) (0.115/12) 
24 X 10"^ 

R = 1192.811 
e 

6 /R = 2.326 (R ) (from Reference 2) = 0.296948 

max e e 

C, and C_ are functions of 6/6 (or 6 /Re +6 /R ) 

1 2 max max e 

From Reference 1 

For e = 60.4483, 6/6 = 0.03844 C, = .5089 C„ = 2.06465 

’ max 1 2 

For 6 = 41.8078, 6/6 = 0.09437 C. = .6957 C„ = 1.47894 

max 1 2 
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X !ev^,d' - 


O-n) 


fc \ sin ^ Vm<;< 


(■k CV^ny ) COS B 


V 



Berthing 


Probe 

Item 

Tip 

Angle from nozzle centerline, deg. 

42.1246 

Specific heat ratio, Y 

1.293 

Ae/A* or (Rg/R*)2 

100 

V*/Vmax 

0.35746 

Pe/Px 

7.7509x10"^ 

0n, deg. 

15 

F/Fmax 

0.91546 

B 

9.8775 

X 

2.4694 

It 

9.16228x10-2 

0, deg. 

42.1246 

n 

0.25831 

(x/R*) i/pVmaxC*/Pc 

0.39474 

Vmax, ft /sec 

8437.846 

C*, ft/sec 

4264.624 

Pc, psfa 

39600 

P, impingement pressure, psia 

1.18568x10-8 

Q, heat rate, Btu/ft-sec 

1.52636x10 


Top of 
Electrical 
Connector 


60.6109 

1.293 

100 

0.35746 

7.7509x10“^ 

15 

0.91546 

9.8775 

2.4694 

9.16228x10“^ 

60.6109 

0.50926 

0.04204 

8437.846 

4264.624 

39600 

3.1245x10-8 

1.57715x10^5 


Note: 


= 100 for berthing probe tip 


— = 85.2174 for electrical connector top 
R 
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6,2.3 Plume Impingement Issues 

No contamination problems resulting from plume impingement on the 
umbilical connector are anticipated based on the following rationale. 

The possible sources of contamination are the small amounts of aniline 
and water present in the propellant and any unreacted hydrarine. When exposed 
to the catalyst bed, aniline probably becomes a hydrocarbon and water may remain 
water or become an ammonium hydrate. These elements are the potential con- 
tamination sources because they condense at much higher temperatures than the 
main constituents of the exhaust plume, i.e, ammonia, hydrogen, and nitrogen. 

Contamination measurements have been made using a 0.1-lbf hydrazine 
thruster and quartz micro-balances located 44 inches from the nozzle exit plane 
(see Reference 3) . Although no test specimen was located beyond a 30 degree 
angle from the nozzle centerline, the data obtained from the reference can be 
used as an upper limit. Recall that the berthing probe tip is at an angle 
of 42 degrees with the nozzle certerllne and the top of the electrical connector 
is at an angle of 60 degrees with the nozzle centerline. 

Using the data from Reference 3 , the following observations can be made : 

1. No mass deposition occurs if the surface temperature is warmer 
than 410°R (applicable to all angles) . 

2. Deposition rate Increases with a decrease in temperature. 

3. Thruster usage (i.e., aging) decreases deposition rate. 

4. Specific data for test specimen located at 30 degrees (steady-state); 

— 12 . T* 2 . 

(a) Deposition rate = 3 x 10 ^/cm'^-sec at 360°R 

(b) Deposition rate = 1 x 10“9 gm/cn^-sec at 259. 2°R 

(c) Deposition rate = 3 x 10"^ gm/cm^/sec at 190. 8°R 

5. Pulsing decreases the deposition rate by an order of magnitude, 

6. A water content increase from 0.7% to 1.8% increases the deposition 
rate by an order of magnitude. 

The umbilical, connector will ordinarily be warmer than -50°F for the Landsat 

mission; consequently, no deposition will occur. However, there could be other 

missions when the umbilical connector temperature is as cold as -100°F (worst 

case). If the thruster operates during this time period, a deposition rate no 

-12 2 

•greater than 3 x 10 gm.cm -sec can be anticipated. Assuming the surface area 

2 -10 
is 155 cm , the resulting deposition rate is 4.65 x 10 gm/sec. The engine 

•could operate more 'than 100 hours continuously and the resulting deposition would 

still be insignificant. This, of course, is orders of magnitude longer than 
anticipated. 
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6.3 GRAPHICAL METHODS 


Several graphs have been developed from the analytical methods which 
allow the evaluation of the impingement pressure and convective heat 
transfer effects from the exhaust plume of a 0.2-lbf hydrazine thruster onto 
surfaces within the free molecular flow regime without requiring many calcula- 
tions. It should be noted that the results are approximations. 

6.3.1 Limitations and Assumptions 

1. Figures 33 and 34 apply only to the free molecular flow regime 
described in Figure 32. 

2. The flow angle, 0, has its apex at the intersection of the nozzle 
centerline and the nozzle exit plane (i.e., X/Rg = Y/Rg = 0) with 
one side of the angle being the nozzle centerline and the remain- 
ing side being a ray from the apex to the object in question. 

3. The distance, y, is the length of the line between the surface in 
question and the nozzle centerline. This line is perpendicular 
to the nozzle centerline. 

4. The 0.2-lbf N 2 H^ thruster was assumed to have the following 
characteristics and operating conditions : 

• Chamber pressure - 275 psia 

• Chamber temperature - 2045 ®R 

• Expansion ratio - 100 

• Nozzle exit plane radius = 0.115 inch 

• Nozzle half— angle - 15° 

5. The exhaust gas was assumed to have a constant specific heat 
ratio equal to 1.293 and gas constant = 122.619 lbf-ft/lbm-°R. 

6. Ratio of chamber pressure to ambient pressure is 1.013 x 10^^. 
Consequently, Figures 33 and 34 apply to space conditions only. 
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IMPINGEMENT PRESSURE 


References? 

1. French, E.P., Dr.? Plume Heating by GPS Orbital Insertion Motor. AT/EF/76-003, 
Rockwell International/Bpace Division Internal Letter dated 22 January 1976 

2. French, E.P., Dr.; Rocket Plume Effects in Space. SD74-SA-0137, 

Rockwell Intemational/^pace Division, Downey, Californio, October 1974. 



0 50 100 150 

flow TURNING ANGLE (e), DEGREES 

Figure 33. Hydrazine 0.2-lbf Thruster Exhaust Plume Free Molecular Flow 
Impingement Pressure as a Function of Flow Angle 
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Rafarancn: 

1, Frtnch, E.P.,Dr.: Pluma Heating by GPS Orbital Insertion Motor. AT/EF/76-003, 
Rockwell Intemational/Space Division Internal Letter dated 22 January 1976. 

2. French, E.P., Dr.t Rocket Plume Effects In Space. SD74-SA-0137, 

Rockwell Intemational/^pace Divl'sion, Downey, California, October 1974. 



now nUNING ANGU ( e), DEGREES 

Figure 34. Hydrazine 0.2-lbf Thruster Exhaust Plume Free Molecular Flow 
Convective Heat Transfer Rate as a Function of Flow Angle 
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6.3,2 Sample Calculation for Berthing Probe Tip 


■^ = 100 ^ = 90.43 
e e 


(from Table 10) 


From Figure 32, the berthing probe tip is in the free molecular flow 
regime. 


0 = 41.80‘ 


(from Table 10) 


From Figure 33^ P 



.021 psia 


„ .021 _ .021 ^ ^ r 

^ • TTv' (90.43)2 - == m 


v2 


From Figure 34, Q Btu/ft^'-sec 


r = 4.402 X 10 ^ Btu/ft^-sec 


(90.43)' 


Comparing with the previous methods results in the following: 



Method 1 

Method 2 

Graphical 

Impingement pressure, psia 

2.6x10-5 

1.2x10-6 

2.6x10-6 


“2 

-3 

, , .,-3 

Convective heat transfer 
rate, Btu/ft^-sec 

1.4x10 

1.5x10 

4.4x10 


The graphical method answer is between the other two. answers, as might be 
anticipated by examining either Figure 33 or 34. The point selected lies on 
the transitional line; it is not on either loci of points generated by Method 1 
or Method 2, 


For conservative design purposes, a factor of 2 over the maximum value 
probably should be used. Following this philosophy, the berthing probe 
assembly should be designed to withstand a convective heat transfer rate 
from the exhaust plume of 0.028 Btu/ft^-sec, Should this heat rate cause 
design problems, a more detailed heat transfer analysis should be performed. 
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